Many dynamic cellular processes are associated with intraand intercellular translocation of proteins. Several proteins are responsible for the active transport across the membrane of liver cells. For example, bile salts are exported from hepatocytes into adjacent canaliculi by transporter proteins embedded in the membrane. Under hyperosmotic conditions they are retrieved into intracellular vesicles and transport is down regulated. The location of these transporters can be explored by fluorescence microscopy. A toponomic analysis of the hepatic transporters may reveal functional information of clinical relevance and serve as an example of other location-regulated processes.
Introduction
Several proteins were identified in the membrane of hepatocytes which are responsible for the transport of special compounds produced there. Bile salts are exported from liver cells into surrounding canaliculi and are then directed to the intestine. Such transporter proteins are embedded in the membrane and their translocation is an important factor and can reveal the state of the cell [1] .
Transporter proteins responsible for the exocytosis of these compounds have been identified and partly characterized earlier [2] . Among them BSEP (bile salt export pump) is a well studied protein. It is embedded in the canalicular membrane under normal conditions and is responsible for the active secretion of bile salts across the membrane into the adjacent canaliculus. Earlier studies have shown that the export of bile salts is reduced under hyperosmotic conditions [2] , producing cholestasis. In a hypoosmolaric medium more bile salts are secreted, and a choleretic state is reached. The cause of the flow changes was found to be the internalisation of BSEP under hyperosmolar shock. The retrieval of BSEP from the membrane into intracellular vesicles leads to the decrease in secretion, while its insertion in the canalicular membrane facilitates the exocytosis of bile salts [3] . Toponomics of BSEP is identified by manual processing of microscopic images. By means of immunohistochemistry, proteins of interest (BSEP and ZO-1, a tight junction protein) are labelled with fluorescent markers. ZO-1 is used to localise the canaliculi, as tight junctions stretch as a line where a canaliculus meets adjacent hepatocytes. Two roughly parallel ZO-1 lines signal the presence of a canaliculus running parallel to the image plane of the microscope. An example of a suitable canaliculus is shown in the Figure 1 . Such microscopic images are manually assessed and processed by human experts. We have developed a new method based on automatic image analysis that substitutes the slow and error-prone evaluation by human experts.
Methods
Rat liver tissue is used as model, as this tissue is easier to obtain, is normally more homogeneous and easier to analyse than human samples. Later, an extension of the method to human liver is planned.
Sample preparation
Samples of a rat liver were perfused in a normoosmolar buffer (305 mosmol/L) and parallel in a hyperosmolar one (405 mosmol/L). After incubation, the samples were frozen and cut into thin layers (app. 7 µ). After the fixation to object slides, primary antibodies were attached to the proteins of interest, namely BSEP and ZO-1. Later, secondary antibodies with fluorescent markers were added. BSEP was labelled with AlexaFlur546 (red), and ZO-1 was labelled with AlexaFlur488 (green) [2] . An excess of marker was provided and washed out afterwards.
Tissue samples were observed by confocal laser scanning microscopy (Zeiss LSM 510). Fluorescence intensity is assumed to be proportional to the concentration of a protein of interest. No saturation of the optical detection was achieved, so the detection was performed in a linear range.
Canalicular membrane objects and manual analysis
Bile canaliculi are formed between the adjacent hepatocytes bordering to each other. The tight junction runs along the line where two liver cells meet. The canalicular diameter normally varies in the range of [0.8, 2.5 µ]. Figure  1 shows an example of a membrane fragment suitable for analysis. Two almost parallel light lines show the intensities of the ZO-1 tight junction protein, and the BSEP transporter is mostly localised in the canalicular membrane between them, but also present in the surrounding cytosol. In the manual method, an expert chooses suitable places in the microscopic image where to extract intensity profiles [2] . As shown in the Figure 1 , a profile is drawn orthogonal to a segment, as the protein distribution across a membrane is of interest. Typically, sufficiently long straight fragments of homogeneous ZO-1 intensity are considered. No measurements are taken on bent, small or nonuniform segments.
In the rat liver samples, a profile length of 8 µ will cover the canaliculus and a significant part of the adjacent cells. The fluorescence intensity values along the profiles are extracted. Several measurements are taken per image to have a statistical basis. Furthermore, several different images are taken from different regions of the sample to account for statistical variation and preparation artefacts. Overall, about 100 different profiles per sample are extracted.
This evaluation method is subjective, as an expert makes the decision where to measure profiles based on their experience. Moreover, the method is time consuming and error-prone. In the following, an automated objective method for such an analysis will be presented.
Image processing workflow for the identification of membrane segments
Reproducing of a human vision is a very challenging task. An algorithm has to be developed which analyses the data and is able to make decisions similar to a human logic. In particular, a solution for the selection of reliable canalicular membrane fragments and for the further profile calculation is suggested here.
We have implemented an image processing workflow consisting of several algorithms. At the first step, canalicular regions are extracted using the foreground-background segmentation module of the supervised learning system Zeta [4] . Representative examples of foreground and background regions are manually labelled. In these regions, 2-D image features are calculated as mean and standard deviation of intensity values in sliding windows of size 15x15 as training data for a classifier, in our case Linear Discriminant Analysis [5] . High intensity fragments with high contrast to surrounding pixels are discriminated from low contrast background tissue. Figure 2 The canalicular regions could also be extracted by thresholding and extension through morphological operators. Our method is advantageous as it successfully combines individual feature components that lead to an optimal classification. Therefore it is more powerful than a simple thresholding.
In the next step, the identified foreground regions have to be refined and cleaned from noise. Morphological opening with a 3 × 3 pixel mask deletes small objects which might have been created by the foreground-background segmentation. Afterwards, objects are detected by connected components labelling [6] . Those smaller than 125 pixels are deleted from the foreground mask. This reveals human logic which would not lead to any measurements on very small isolated objects, but would rather search for the longer membranes. Morphological closing with the same structural element aims at closing the gaps in the large foreground fragments [7] . Such gaps were possibly introduced by morphological opening. Then, segments smaller than 250 pixels are deleted. This threshold is larger than the one applied after the morphological opening because some gaps were closed and bigger fragments were formed. The result of these operations contains cleaned membrane objects, as Figure 2 (b) illustrates.
As the third step, a skeletonisation according to the Euler characteristics is performed [8] . It is based on the Euler number for polygon networks and polyhedra. The obtained skeleton is shown in the Figure 3 . Finally, the obtained skeleton is pruned. Pruning consists of deleting short branches which are attached to the main skeleton line. Pixels of the shorter branches are deleted one by one from four directions, until no further deletion is possible. As the result, only those parts of the skeleton are left which extend in the direction of the long axis of the membrane segments, and not those along the short axis.
The automated workflow should be able to reproduce results obtained by a human expert. Therefore, some further conditions and decisions were implemented which partly reveal the human logic. For instance, as it was stated above, smaller fragments were eliminated because a human expert would not consider them to be reliable and representative for the tissue sample. Branching points and their close neighbours were deleted from the pruned skeleton due to the same reason. The final thresholding eliminated skeleton segments which were smaller than 7 pixel, because such membrane segments were considered to be too small to perform any measurements. The result of image processing steps was an image with sufficiently large skeleton fragments, as shown in the Figure 4 . All thresholds mentioned above were identified empirically for microscopic images with the resolution 512 × 512 pixel and were evaluated for the maximal robustness and objectiveness of the method. Later, these thresholds were scaled for every processed image according to its resolution.
Extraction of marker distribution profile
Once a skeleton is obtained the information extraction begins. As discussed above, distribution profiles of the proteins of interest (BSEP, ZO-1) have to be discovered. Intensities of these proteins are considered orthogonally to the skeleton lines in order to assess whether BSEP is embedded into the canalicular membrane or rather internalised into the hepatocytes. At every pixel of the skeleton fragments the following operations are performed. At first, a tangent is fitted so that the direction of this particular membrane segment is identified. Then, an orthogonal line is drawn through this position that spreads equally to both sides of the crossing point. Along this second line the intensities of pixels are collected. The length of the calculated profiles should cover approximately 8 µ, which translates to 81 pixels (odd value) for our images.
Selection based on ZO-1 profiles
In addition to the selection of skeleton fragments for the profile calculation, a further filtering is required. Profiles with suboptimal ZO-1 distribution are removed. Such profiles appear where a confocal image plane does not cut a canaliculus in the principal axis, as Figure 5 illustrates.
The selection process is motivated by biological facts, physical reasons and logic. To make this procedure operable by the system, every ZO-1 intensity profile is tested for the four conditions described below. In case all the requirements are met the position of the pixel where this profile was taken is marked, and the respective BSEP profile is considered as accepted.
Firstly, membrane segments which were inappropriately cut have to be identified and the respective pixel posi- tions have to be filtered out. Skewed profiles do not reveal two similar intensity peaks of ZO-1, as expected from two symmetrical tight junctions. Thus the first condition checks the difference between the two local maximum intensities:
where maxValue1, maxValue2 -are the intensities of ZO-1 at the bigger and smaller of the two peaks, respectively.
The second condition controls the distance between the two peaks. As discussed, the diameter of the canaliculus varies in the range [0.8 -2.5 µ]. Consequently, in pixel units this is expressed as:
where positionMax1, positionMax2 -are the positions of the peaks on the profile.
Later, such intensity profiles have to be eliminated where a local minimum between the two peaks is not low enough. A small intensity difference between ZO-1 peaks and a valley might be caused by a damaged tissue region. It may also indicate that the confocal plane is above or below the tight junction. We do not test for the absolute values to avoid the thresholding problem with variable intensity levels. Hence the third condition is:
where minValue -is the intensity of the local minimum between the two considered local maxima.
The last requirement eliminates noisy profiles. Good ZO-1 profiles have two significantly large peaks separated by a low local minimum, and flat tails on the sides. Noisy profiles exhibit further prominent local maxima. Again, these might indicate damaged regions or labelling problems. Noisy profiles are not suitable for analysis as tight junctions cannot be uniquely identified. The following condition identifies such noisy profiles:
where P 60 (maxima) -is the 60 th percentile of the local maxima values.
As in the previous case, the mentioned parameters were empirically estimated. Only if all four conditions are fulfilled a particular profile is considered to be valid. The respective BSEP profiles are passed to further analysis. Figure 6 shows an example of accepted profile positions. 
BSEP profile normalisation
For a quantitative analysis the BSEP profiles can be normalised in several ways. Firstly, the lateral coordinate systems of profiles can be centered. This compensates for skeleton lines not centered in the canaliculus. This might happen because our skeletonisation algorithm used only approximate regions whose borders are not necessarily symmetric with the ZO-1 maxima. In order to center the individual pointwise profiles a model profile is required which defines necessary shifts. For this purpose an average ZO-1 profile over all accepted profiles is calculated. Because of the strict selection of profiles with two clear peaks and the moderate amount of decentering in such regions, the average of all accepted profiles will still have two clear peaks, which define the average location and width of canaliculi.
Initially, the model profile is centered itself. Two peaks are detected and the middle between them is set as the null point of the model profile. Then the profile is cut to the length of 61 pixels to allow cross-correlation (dot product) between ZO-1 profile and the model profile to be calculated in 20 different positions (+/-10 pixels shift). Then, the ZO-1 profile is overlaid with the shifted model profile. The maximum among these dot products determines the optimal shift. Normalised profiles are also cut to 61 pixels. The same shift is applied to the corresponding BSEP profile.
Secondly, protein distribution profiles could be normalized to a common width between peaks. However, in the samples we have analysed so far, size variations were sufficiently small to not require such a scaling.
And lastly, absolute intensity values of the profiles can be scaled to a defined range such as [0, 1], for instance.
BSEP profile evaluation
BSEP toponomics can be evaluated visually by calculating an average profile for each image. Due to the selection process, these averages already represent the translocation states, as Figure 7 shows. For a statistical analysis, numerical descriptors can be used that quantify translocation in individual samples. A calculation can be applied to an average profile as well as to all selected profiles. As published earlier [2] , we have used the statistical variance of BSEP profiles to detect the internalisation of BSEP.
As the distribution of the variable is not known by default, a generally applicable statistical test has to be chosen. Wilcoxon rang sum test is selected as such, as it does not make any assumption on the variables' distribution [9] . Descriptor values obtained from one data set are compared to those calculated from the other data set. The number of extracted profiles is not known in advance and may vary between the data sets, hence the unpaired Wilcoxon test is performed. It describes whether distributions of the descriptor variables differ significantly or not. Two samples are considered to be significantly distinct if the P-value is smaller than 0.05.
Results
Two representative data sets of rat liver specimens were prepared by the University Clinic Düsseldorf, and will be referred to as State A and State B. State A comprises 10 images of different regions of a sample incubated under normoosmotic conditions. State B contains 11 images of the rat liver perfused with a hyperosmolar buffer. The automated translocation analysis should reveal the internalisation of BSEP.
The operations described above were performed on these data. Image processing followed by profile extraction resulted in approximately 4000 profiles per image. Profile selection reduced the number to roughly 150 profiles for each image. Figure 8 illustrates results of the data cleaning on the example of the average plots of all profiles, of all centered profiles and of all accepted profiles for the first image of State A.
A manual extraction of 10 profiles per image was performed by biologists to compare the manual and the automated selection. The provided profiles were treated as selected ones, and variances were calculated. Results of the respective statistical tests are presented in the Table 1 . manual automated Method 100 vs 100 full 100 vs 100 P-value 1.63 e-12 7.08 e-56 1.17 e-5 As the Wilcoxon test is sensitive to the number of data points, we compared the manual and the automated methods with the equal sample sizes. We have randomly selected 100 profiles from those automatically extracted for State A and State B. The corresponding descriptor values were used for a statistical test. These operations were repeated 100 times, and the median P-values are reported in the Table 1 . 
Discussion
In the following the results of the translocation analysis will be discussed.
Image processing
The initial image processing with the Zeta software was fast and robust. Foreground segmentation results were always appropriate according to visual evaluation. Even though there were numerous images with various grades of auto fluorescence and background signal, the performance was stable. This illustrates the advantage of the machine learning techniques as they automatically estimate model parameters dependent on the training data given. They are able to adapt to the training data and generalise well. Hard coded thresholds, on the contrary, could perform well only in case input images were very similar and had comparable intensity ranges.
The configurations of the image processing operations were optimised on the model images with 512 × 512 pixel resolution. Thresholds for the deletion of membrane segments were tuned so that not too many of them are eliminated. Several skeletonisation techniques have been tested, and the simplest one was selected. Obtained skeletons are processed and refined in the following steps, so that perfection was not required at this stage. Generally, our method is not extremely sensitive to the threshold values and yields meaningful results even with different configurations. The robustness of the method was proven as it performed well and stable on the images from other sources and with different resolutions.
Profile optimisation
Microscopic images of the State A and State B were recorded with 1512 × 1512 pixel resolution. Approximately 4000 individual profiles were extracted per image. Initial average profiles generally did not reveal the biological structure of the canalicular membrane, because corresponding individual profiles were extracted at every position of selected skeleton fragments. Such fragments were left after the deletion of small objects, but were not yet validated according to the biological criteria. Selection of the individual profiles allowed obtaining results comparable to those produced by a human expert. Based on their experience and biological knowledge an expert would measure distribution profiles only on long, straight and symmetrical enough objects. This logic was reproduced in the automated profile selection method.
A normal state of BSEP and ZO-1 toponomics is not quantitatively given. Therefore all thresholds used in the selection criteria were identified experimentally and validated by biologists. Setting of too strict conditions led to the overfitting of the model, and for images from different sources no profiles could be selected. On the contrary, insufficient constraints led to the acceptance of too many bad profiles. Hence a compromise was found which led to robust performance of the selection procedure.
Subsequently, coordinate systems of the individual profiles were normalised, what refined their structure. Two expected peaks in ZO-1 channel became narrower and higher. No normalisation of the profile width was performed, and the intensity values were left unchanged in order not to distort the data. The scaling of the absolute values was also not applied, as this could reduce the difference between two states, the normal and the internalised one.
Both selection and centering of the individual profiles led to a great improvement of averaged profiles. Not only the biological structure became clearer, but also standard deviations were significantly reduced, as the Figure 8 shows. However, computational requirements of the centering are much higher than testing of four criteria. Therefore subsequent analysis was performed on the accepted but not normalised profiles.
After the selection procedure there were approximately 150 profiles accepted per image compared to 10 profiles which were manually extracted by biologists. Consequently, automated workflow not only speeds up the process and cleans the data but also increases the number of data points obtained for the analysis.
The suggested ZO-1 profile selection procedure was tested for robustness and stability. Two of the four criteria were varied and numbers of accepted profiles were reported. The first threshold describes the allowed difference of heights of the two ZO-1 peaks. The second one limits the height of the minimum intensity between these peaks. 
Statistical tests on the manually and automatically extracted profiles
Wilcoxon tests on the calculated variances proved a significant difference between the two states, the normal and the internalised one. Significance of the statistical test was much lower for the manual method than for the automated one (see Table 1 ) due to the smaller sample size. However, given the same sample sizes (100 profiles), the manual method performed better (1.63 e-12 vs. 1.17 e-5). The reason can be a better choice of profiles by a human expert. Originally automatically extracted profiles contained noise and were measured at partly invalid positions. The selection procedure incorporated biological knowledge and so enabled reliable cleaning of the data. The quality of the selection procedure was illustrated by the reduction of standard deviation in average profiles and better revealing of the real biological structure (see Figure 8 ). Statistical tests on the automatically extracted data proved the expected difference between the States A and B, and correlated well to the results yielded from the manually obtained profiles. The suggested automated translocation analysis has proven to be fast, robust even with altered configurations and has stable good performance on various data sets.
Statistically significant internalisation of the BSEP transporter was proven by the presented in this paper automatic analysis on 6 further data sets. Obtained P-values varied around 10 −25 for the full set of accepted profiles, and around 0.001 for the 100 randomly sampled profiles.
Conclusions
We suggested an automated method to analyse transporter protein toponomics and compared it to the data extracted by human experts. Automated profile computation was much faster than the manual one and allowed acquisition of greater data volumes. Furthermore, only objective criteria were used in the implementation, so that experiments are fully reproducible. Evaluation of the data extracted automatically showed results correlating with the manually obtained data.
Several important procedures allowed achieving of a good result. The biological knowledge was incorporated into the program for the data cleaning. The suggested automated method was tested with various configurations. Even when these are altered relative to the optimal settings, still meaningful results are produced. Consequently, the developed translocation analysis has proven to be robust and exhibit stable performance on various data sets.
